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PERFORMANCE LIMITS OF GRAVITY-A5S19 HEAT PIPES HITH SIWLE HICK STRUCTURES

F. Coyr,ePrengerJ Jr.*
J. E. Kemme

●Staff Msber, Los Alunos National Laboratory
Los Alamos, New Mexico

‘Consultant, Los .41amosNational Laboratory
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ABSTRACT

Experiments usin gr~vity-assist heat pipes with simple wick structures Wre used
?to establish ~er omnance limits due to entrainmel,tof the liauid by the count@r-

flowing vapor’, A physical model is postulated which leads to a single correla-
tion predicting efitrainmentlimits for all data investigated. The characteristic
length in the entralr,mentparameter is the depth of the wick structure and the
model infers an upper bound on this parameter.
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NOMENCLATURE

heat pipe vapor flw nrea
correlation coefficient
hea” pipe diameter
d;nenttonless entrainment
inertia force
surface tension fmce

parameter

latent heat of vaporization
dimel~tiof,!esspower
h~ai pipe power
velocity
Ueber numbw
v@locity profiI@ corre~’
Surfac? depth
reference surface &pth
vapor dcl,sity
surface tension

ion

lNTROIXJCTIm

R~,wit amhosis ~ enerav conservation has resulted in widespread interest In
thmnal recovery untts particularly in medlwn to high t~mperature applications.
The superior performance Aaracterlttlc$ of htat pipes can be used to advantag~
In th@$F systems if f~brtcatton colts We kept low, Consistent with t lW cost
goal, gravfty-ass{st haat ptpe$ or th~rmosyphons with siwle wick 8tructures are



promising candidates for heat recovery systems. A fundamental understanding of
the performance limitations of these systems is required,

The performance limits in gravity-assist heat pipes with capillary flow +@re no
excess liquid is present has been addressed by Busse and Kemne.1 They derive
performance limits due to axial and azimuthal dryout of the wick. The technique
of overfilling gravity-assist heat pipes results in excess liquid Aich is re-
turned to the evaporator outside the heat pipe wick structure. The interaction
with the counterflcndng vapor may give rise to entrainment of the llquid. Inter-
ruption of the liquid return causes evaporator dryout resulting in a performance
limit. Cotter2 first suggested that this limit was related to the Ueber num-
ber, a ratio of inertia to surface tensicm forces. The problem arises in defin-
ing an appro riate characteristic length tien formulating the surface tension
force. !Kmrne has reported success when using a length equal to the wire diam-
eter plus the distance between wires on heat pipes with screened wicks. This
paper presents additional performance limit data obtaine
assist heat pipes.

~ {ro;b;;~alf:;av::
This data together with other data ~

literature is used as a basis for an entrainment limit correlation where :he
characteristic dimension is the depth or amplitude of the wick structure.

EXPERIMENTS

Several gravity-assist heat pipes have been constructed and tested. Their prin-
cipal characteristics are listed in Table 1. In the first series of tMtS, a
simple, homogeneous, screened wick consisting of two layers of 150-mesh screen
was used. This heat pipe was tested with water, methanol, and toulene working
fluids and is designated as B[S31d,BE53H,and BES3T. At low temperatures the
effects of liquid inventory and tilt were investigated and have been reported,s
Performance limits at higher temperatures are attributed to either boiiing limi-
tations in the evaporator or to entrainment between the counterflowing liquid and
vapor.

Tests have also been conducted on a 3-m-long steel heat pipe using mercury as the
working fluid. The internal surface of this heat pipe is threaded, which serves
to circumfer?ntlally distribute the mrking fluid, This pipe has been tested at
temperatures up to 400°C and the data are referred to as BES4HG.

In addition, tests were conducted on knurled heat pipe$ using both liqu(d metal
and organic mrking fluids. The depth and pitch of the knurls were varied to pro-
vide a range of surface conditions. Coarse knurls were tested using sodium and
a?e designated as BES5NA while fine knurls we tested with methanol and are ider.-
tified as BES6M, Additional tests are planned with these
sets of dhta are included; one using a knurled surfaceJe:~#~;cu;m~t:::

workin~ fluid and ON using sodiwn in a graded, screened wick configuration.

Data @re obtained r’oreach heat pipe at various elevation angles and with liquid
inventories ranging from 50-400 cm3, Only the data for elevation angles of
90 deg

4
vertical with evaporator below condenszr) are reported, It has been

observed that a transition from film flow, where the heat pipe walls are uni-
formly C?ated with liquid, to puddle flm occurs at elevation angles below90 deg.
This transiticm i; usually accwanied b

{
an increase in heat pioe performance.

This discussion,wfll be restricted to fi m flow only. Heating was supplied uith
inducticm CG1lS and cooling was provided by either a gas-gap calorimeter or a
direct-contact calorimeter, For the high-temperature workil:gfluids the ~as-~ap
method was used with provision to vary the mixture of helium and argon to e fec



Table 1 Sunmary of Gravity-Assist Heat Pipe Dimensions

ufi::~q Len:;h Twe CharacterlstIc Charicteristic Source
Identification

/.;.
of Hick 04pth Of Wick Length of Uick of Data

(m) (m)

fm3u matw 2.16 m screen o.W3J 0.0167 5

EIfSJX Rlhmol 2.16 m screen o.lm33 0.0167 5

0U3T toluene ?.16 W *CW+I1 C.M33 0,0167 5

ofs4HG mrcury 3.35 330 threads 0.0279 0.0279 p)esent
paper

14m mercury 4.50 350 knurls 0.02M 0.130 4

0zs5uA sodim 3.20 m knur1s 0.051 0.191 presmt
paper

S[PM4 Sodlm 2.30 315 8cr’Mn 0,0216 0.159 3

mm mthanol 3.20 m knurlt 0.015 0.0?5 present
paper

a variable thermal coupling with the water-cooled calorimeter. The low tempera-
ture heat pipes used a direct-contact, water-cooled Calorimeter and adjustment of
coolant tnlet temperfi:ureto the calorimu!er was p-ovided. All heat pipes con-
tained adiabatic zones instrumented with %sll-mounted thermocouples. Power
transported b> the heat pipe was meascrcd at the calorimeter usin9 coolant
flmrat~ and temperature rise measurements.

Perfownancc limlts are defined as operating points where the heat pipe is no
longer substantially isothermal. For heat pipes with constant heat fl(!xboundary
condition’;,as in these teitS, limits are well def!ned. A suodcn and rapid
intrease in cme or mre evaporator thermocouple readings Is ubserved when a limit
is reached. In most cases either an increase In heat pipe temperature or a de-
crease in power muld restore the heat pipe to nearly isothermal conditions.
This behav!or is ch~racteri<tic of a vapor dominated llmlt giving further evi-
dence of entrainment behavior in the heat pipe.

A physical model describing the entrainment phenunen.sis presented In the follow-
ing section, This rwdel defines appropriate correlating parameters for use in
analy7ing the tezt data. Using the available experimental data as a basis, a
general entratmnent limit correlation is proposed.

PHYSICAL MODEL

The pcwe- transported by th? heat pipe IS Ifmit@d by entrainment of the returfling
liquid by the Counterflow{ng vapor. The ph:~sic#lmodel assumes a unlfonn llquld
layer Nturning along the heat oipe wall. As the mechanical interaction with the
counterflowing vapor fncreases, an Instability in the liquid surface& dcvdops
resulting in wave formation. The friction increases rap!dly under these condi-
tions and liquid droplets are torn frcinthe wave crests preventing liquid return
to the heat pipe contienser, it is postulated that the wave form~tlon at the
liquid surface is influenced by the gemetry of the underlyin
forces ar{sing from the hy~ical Interaction between thr li~~{

f
1 #;f& %

illustrated in F~z. 1, he fnertia fore? of the vcpor retards the liquid flow
and is counteracted by the surfac,’tension of the liqulb or
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Fig. 1. Force balance on a wave segment.

FD=FO,

surface

(1)

Assuming that the liquid wave height Is governed by the underlying surface, i.e.,
the height of tte liquid wave equals tne surface roughness, an expression for the
inertia force can be obtain d

F~ m nD APV2 . (?)

Likewise for the surface tensfon force

F. ■ nDo.

Define an entraimnent
inverse Ueber number

F
Et ■ ~“ ■

D

(3)

parameter as the ratio of these forces and note it is an

+“
(4)

(,Vh

The ~irfcal data show and the physical mdel indicates that 6 Is a depth
associated with the wick structure. In the case of khurls or threads 6 is the
depth of the cut, Howver, for screen wicks b is one-half the wire dlametpr of
the innermost screen layer. Apparently only the convergent part of the volume
between wires governs the ware formation at the liqutd-vapor interface,

The veloclty term
tlal force per uni
the heat pip? or

Pvz ●

n Eq, (4) can be eliminated by noting that 0V2 is tlv lner-
area and equals the power divided by the volumetric flow in

(5)



where 6 has units of cm. Equation (13) is made
nference depth P and Eq. (13) becames

Qe = C’ E;f26/6%

In the folloulng section a physical Interpretation

InterpretatiatIof the Reference Lenqth, 6*

By introducing a Heber numberT

Me.QA_
2no/6 ‘

dlmwwlonless by introducing a

(14)

of 6* Is suggested.

(15)

where a is a velocity profile correction factor,s and defining the onset of
entraifwnentwhen

He. 1, (16)
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Fig, 2, Dimensionless powr for heat pipe entr”tnment limit.



Teble 2 Entrainment Limit Correlation Coefficients*

Heat Pipe Uorking Cwfficlents, C
Identification Fluid

BES3H water 0.075
BES3M methanol 0.072
BES3T tolutne 0.157
BES4HG mercury
HEDL mercury t%
BES5NA sodium 1.53
SEPNA sodiurn 0.BB4
BESGM methano! 0.469

●C “ Qe/ Etl/2

,*~;-2 111111111
10-’

Characteristic Depth A(cm)

Fig. 3. Geometry dependence @ entralmnent limit.



then

(17)

(10)

Using continuity along with Eqs. (7) and (10)

Q,= fiE1’2.
t

Equations (14) and (18) can be made identical if

cl .~- (19)

and

& . cl/33mE cm . (20)

For laminar flow m= 1.234 and therefore 6* ■ 0.067 cm.

The dtmens.ionlessdepth I?*may correspond to
eff~t of the underlying surface may not be
,imit to the correlation shown inFlg. 3. At

then

a critical depth beyond which the
importarlt, This implies an upper

(21)

since none of the heat pipes test~d had surface geometries with

6 < 0.067 cm ,

the existence of this upper bound has not been experimentally verified.

DISCUSS1ON

Th? mtrainment limit correlation predicts an increase in the performance limit
as the characteristic depth of the underlying surface is inbreased. This result
is contrary to the results of the pOysical mdel shown by Eq. (11) and also
represents a departure frail r?sults of prwicus investigations,9 Examination
of the data In Fig, 2 illustrate~ the dependence on surftce depth. The two
mercury heat pipes, BES4HG and HED1, have similar characteristic depths but
f~;~f; greatly In characertistic length. However, they have similar performance

A comparison of the two heat pipes containing methanol shows mn increase
in the’entrainment limit with incredslng depth. Also, the data for B~S3T, shown
i- Fig, 2, should agree with data from BES3W end BES3M since the data represent
the sam~ hat pipe. He suspect the physical property data for toluene to be the
cause of the discrepancy,

.



As discussed earlier we postulate an upper limit to the surface depth beyond
which a further Increase in performance would not be expected. It would appear
from physical arguments that the llquid layer thickness would il,fluencethe
crttical depth, 6*. Hence, the success of the correlation using a constant 6* is
surprising since the liquid layer thickness at the entrainment llmit would be
different for each working fluid. However, the thickness of the llquicllayers
does not vary appreciably, being greater than 0.01 cm but less than 0.015 cm.

In the case of screened wicks the characteristic depth is one-half the wire
diameter of the layer adjacent to the vapm passage. The one-half may be related
to intermeshing of the screen layers which reduces their effective depth. Exper-
iments with heat pipes Incorporating a single layer of screen may clarify this
effect. No assessment is made of the possible degradation in heat pipe perfor-
mance d.f! to nonuniform liquid distribution on the evaporator wall. The use of
coarse wick structures promotes surface hot spots which may be a limiting factor
in wick design. It appears that the graded wick arrangement, with fine wire next
to the wall and progressively coarser mesh toward the vapor pa>sage may enable
the highest gravity-assist heat pipe performance; however, the use of a screened
wick is a costly alternative to simple, knurled or threaded heat pipes.

The effect of liquid inventory and elevation angle seem to play a minor role {n
the entrainment limit phenomena, at least as long as the mech:nism of entrainment
is vapor dominated. However, at low powers and temperatures the gravity-assist
heat pipes become liquid limited and the inventory and elevation angle becmne
impo-tant. A model for this mechanism has been presented.s

Hopefully,data obtained hy ott,ersusing gravity-assist heat pipes can be used to
clarify some of the uncertainties postulated by this entrainment limit model, We
hope this correlation will serve as a starting point for future refinements in
the theory.

CONCLUSIONS

1. Entrainment limits in vertical, gravity assist heat pipes are vapor dominated
and therefore, are essentially Independent cf liquid inventory,

2. The entrainment limits can be successfully correlated with a physical model
based on a critical Weber number, The correlation IS

e t

where ~+ = 0.067 cm.

3. The characteristic length in the Weber number formulation is the depth of the
wick structure. In the case of screened wicks, one-half the wire diameter of
the innermost layer is used.

4. The existence of a critical surface depth is postulated beyond which the
influence of the underlying surface is diminished,
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